The magnetic properties and structural details of the 12R-type hexagonal perovskites BaTi 1/2 Mn 1/2 O3 and Ba0.9La0.1Ti 1/2 Mn 1/2 O3 were investigated by means of DC-magnetization, electron spin resonance (ESR) and X-ray diffraction (XRD) experiments. The magnetic data were collected in the temperature (T ) interval 2K≤ T ≤ 350K. The ESR measurements were performed at both X-band (9.4 GHz) and Q-band (34.4 GHz) frequencies. Our results suggest that the Lasubstitution on the Ba site induces a field-dependent long range antiferromagnetic ordering of the Mn moments at low-temperature (TN = 5 K) which competes with strong magnetic frustration. Furthermore, we suggest that this frustration is an intrinsic property of the system and is not related with sample inhomogeneities. The XRD data, collected at room temperature, have confirmed the formation of the trigonal perovskite phases in both cases and gives insight on how the magnetic exchange at the Mn/Ti sites (within oxygen octahedra) may vary with La-doping.
PACS numbers:
I. INTRODUCTION
Oxides materials with perovskite structure are outstanding examples of materials used in technological applications, as well as in fundamental studies in condensed matter physics due to the great number of observed ground states such as: multiferroicity, high-temperature superconductivity, colossal magnetoresistive effects and many others.
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The ideal formula unit is ABO 3 , where A is a rare earth or alkaline earth cation, and B is a smaller transition metal cation like Ti, Mn, Co or Ni. When a second (B ′ ) metal atom is added to the above structure, an ordered double perovskites-type structure A 2 B ′ B ′′ O 6 (where B ′ , B ′′ = 3d, 4d, 5d metals) as well as the disordered AB ′ 1/2 B ′′ 1/2 O 3 structure might be formed. One of the challenges in the field of perovskites-type structure based multiferroic materials (where the coexistence of magnetic and electrical orders occurs), for instance, is the enhancement of the coupling between the magnetic and ferroelectric degrees of freedom. In this work, we focus on both microscopic and macroscopic magnetic properties of the 12R-type structure perovskites BaTi 1/2 Mn 1/2 O 3 and Ba 0.9 La 0.1 Ti 1/2 Mn 1/2 O 3 (space group R3m) as a function of temperature (2K≤ T ≤ 350K). The former is a modest dielectric insulator at room temperature with high permittivity ǫ r ∼45 (at both radio and microwave frequencies). In an attempt of shedding light into the evolution of the magnetic properties of these manganites as a function of the A ion substitution, we report electron spin resonance (ESR), performed at both X-band and Q-band frequencies, along with DC-magnetic susceptibility measurements as a function of temperature and X-ray powder diffraction at room temperature. ESR is a microscopic probe to the Mn spin dynamics and gives valuable information concerning the Mn local site symmetry, sample inhomogeneities and the nature of the exchange interaction. In the particular case of transition-metaloxides, ESR was shown to be an important probe to both orbital and charge order in many compounds, specially through the analysis of the evolution of the ESR linewidth (∆H) with temperature, which is a direct measurement of the spin relaxation behavior.
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XRD data in powdered samples combined with Rietveld refinements and bond valence sums calculations, on the other hand, may complement the investigation of the macroscopic, as well as the microscopic, magnetic properties by indicating the atomic arrangement and site occupancy of the atoms responsible for the magnetic exchange.
II. EXPERIMENT
Polycrystalline samples of Ba 1−x La x Ti 1/2 Mn 1/2 O 3 (x = 0.0 and 0.1) were synthesized by a simpler synthesis procedure by using a solid state reaction method, that allowed us to obtain good quality samples. and heated in air at 900
• C for 24 hours in a conventional tubular furnace. After the first step, the material was regrounded for thirty minutes and subsequently heated at 1100
• C for 24 hours in air. The X-ray diffraction experiments were performed at room temperature using a Shimadzu XRD6000 diffractometer operating with Cu-Kα radiation and graphite monochromator. Samples were scanned between 10
• and 120
• in 2θ with a ∆2θ = 0.02. The structure refinements were carried out by the Rietveld analysis of the X-ray powder diffraction data at room temperature by using the General Structure Analysis System (GSAS) software.
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The low-temperature magnetization measurements were performed in a commercial Quantum Design MPMS SQUID magnetometer in the temperature (T ) range 2K≤ T ≤ 350K, with applied field magnetic field of 1 kOe. The ESR measurements were performed at both X-band (9.4 GHz) and Q-band (34.4 GHz) frequencies using a commercial Bruker Elexsys-500 spectrometer in the temperature interval 4.2K≤ T ≤ 300K. The temperature was controlled by using a conventional He flow cryostat.
III. RESULTS AND ANALYSIS
The crystal structure of the 12-R perovskite compound BaTi 1/2 Mn 1/2 O 3 has been extensively discussed in Refs. 4,14. Here, we just show the results of the Rietveld refinement to the X-ray powder diffraction data of the sample used in this study. (Fig. 1(a) ) can be indexed in the trigonal R3m space group (hexagonal basis) with unit cell parameters a=5.6845(1)Å and c=27.8967(6)Å (Table I ). The inset in Fig. 1(a) (see Fig. 2 ). A total of 37 parameters were successfully refined. Refinements of the oxygen concentration did not point to any oxygen-deficiencies, therefore this sample can be considered oxygen stoichiometric. In addition, no secondary phases were observed within the resolution of our XRD experiments. The goodness-of-fit parameters R p , R wp and χ 2 are consistent with a good agreement between the structural model and the experimental data (Table I ). (6) Ba (2)-O(1)×3 2.904(6) 2.947 (7) Ba (2)-O(2)×3 2.957 (10) 2.948 (13) Ba (1)
Considering the small difference between the X-ray atomic scattering factors of manganese and titanium, the population at the B ′ /B ′′ sites was kept fixed (0.5/0.5) during the refinement. Therefore, in order to know the occupation of the B sites, bond valence sum (BVS) calculations (Table II) 
4+
configurations were assumed in both cases. From BVS results it becomes evident that Mn ions have preference for the inner M (1) sites of the face shared octahedra, whereas Ti ions are preferentially allocated in the corner shared octahedra M (3) sites and in the outer sites of the face shared octahedra [M (2)], sharing the latter with Mn ions. According to these results, the proposed cationic distribution is Ba(Mn now by adding the La atoms preferentially to one of the Ba 6c sites; the best results were obtained with this configuration and, as it is physically plausible, it was assumed for the unit cell. Fig. 1(b) shows the observed, calcu- With the La-substitution the total charge compensation requires that electrons, holes, or vacancies to be produced, and this may change transport and magnetic properties of these materials.
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Depending on the total amount of trivalent lanthanum, or divalent barium at the A site, manganese at the B site may be in 3+ or 4+ oxidation states. However, if oxygen deficiency is present, the expected proportion of Mn 3+ /Mn 4+ could be different from the ideal ratio due to the negative charge compensation.
19
From our Rietveld refinement results, no oxygen deficiencies were obtained for the main phase nor for the secondary phase. ,as expected from a higher M (3)-O distance. From this analysis, the proposed cationic distribution for this sample can be,
In Fig. 3 we show representative X-band and Q-band ESR spectrum lines for both samples. The spectra con- sist of exchange narrowed broad lines, typical of concentrated paramagnetic systems. The solid line represent the fitting of the data to a Lorentzian lineshape, as appropriate for an insulator host, which also takes into account corrections due to the effects of the counter resonance for broad ESR lines.
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In our work, the quantities of interest of the ESR experiment are the linewidth (∆H), roughly the peak-to-peak distance in the field scale of the observed spectra, and the g-values, which are obtained from the resonance condition (hν = gµ B H res , where H res is the resonance field).
For BaTi 1/2 Mn 1/2 O 3 the goodness of the fitting can be verified by direct inspection of Fig. 3 . However, for the x = 0.1 sample, the lineshape deviates from the expected Lorentzian lineshape, suggesting that these spectra are composed by more the one contribution. Indeed, in this case the best fit to the data was obtained by using two Lorentzian lines, which we tentatively ascribe to contributions originated from the main phase and the secondary phase observed in XRD experiments (see Fig.1 ). However, we could not extract out of the fitting process a sistematic behavior to deconvolute these contributions. Nevertheless, we could determine that for T < 50K the ESR response is dominated by the secondary phase and by the main phase otherwise.
Furthermore, as we shall discuss below, the resonance of both samples was found to be homogeneous, i.e. ∆H is not broadened due to some inhomogeneous field distribution in the sample (disorder effects, etc). Hence, the measured spectra and its behavior as a function of temperature (T ) and field (H), can be taken as a probe of The determined values of θ CW suggest the existence of antiferromagnetic interactions in both systems. For the x=0 sample, µ ef f is very close to the theoretical estimate for a system of non-interacting Mn
ions, assuming a spin-only system (i.e. 3.87µ B
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). As for the substituted x=0.1 sample, the situation is more involved since one expect the bulk susceptibility will contain a contribution from exchange-coupled Mn
3+

-Mn
4+
spins added to the contribution from the spins of the secondary phase. It is sufficient now to say (see the next section for more details) that the obtained value is compatible with this picture since it lies between the limits set by the theoretical estimates for a Mn Fig. 5(a) ), ∆H undergoes a weak broadening with lowering the temperature from T = 300 K down to T ≈ 25 K, at which a fast broadening process take place down to 4.2 K. For the x = 0.1 sample (Fig. 5(b) ), one can observe a continuous broadening of ∆H culminating in the peak at T ≈ 25 K. This observation is another strong suggestion of AFM ordering in the sample. In both Figs. 5(a)-(b) , we show that the ∆H measured at Q-band is about the same as the ∆H measured at X-band. This result shows that there are no significant contributions to the ESR spectra originated from sample inhomogeneities. This is of special interest for the x = 0.1 sample, since one could expect an inhomogeneous contribution to the ∆H of this sample from the secondary phase observed by the X-rays experiments.
In the inset of both figures, we show ∆H ×χ DC plotted against 100/T . It has been shown that the temperature evolution of ∆H in strongly coupled transition-metal oxides should follow the Kubo-Tomita formula:
where χ 0 (T ) = C/T denotes the Curie susceptibility (C is the Curie constant) and ∆H ∞ is a temperature independent parameter to be identified with the hightemperature limit of the ESR linewidth. This expression shows that for a system of uncorrelated spins, for which χ 0 = χ DC , ∆H should be constant and would be entirely determined by microscopic parameters of the system. This formula is supposed to hold away from the critical regions of magnetic and structural transitions. Hence, in the light of the above discussions (Fig. 4) , we only show the data in the region T ≥ 50 K. It is noteworthy that the scheme works quite well for Ba 0. (1)) and are expected for transition-metal ions with less than half-filled d-shell. The increase at lower temperatures are most likely due to the internal fields associated with the onset of magnetic order and/or strong magnetic fluctuations.
IV. DISCUSSION
In the preceding section we presented results from X-rays, χ DC and ESR for BaTi 1/2 Mn 1/2 O 3 suggest- ion is present in the structure. From Table I orbitals exchange t 2g electrons through O−2p orbitals at the cornersharing octahedra which may favor the AFM anomaly observed at lower temperatures in the FC-ZFC curves of Fig. 4 . A more detailed crystallographic study of these compounds, together with the structural details obtained for other lanthanum concentrations, is being prepared and will be published elsewhere. configuration. This configuration has a Hund ground state described by a 4 F term. In an octahedral environment, this term splits giving rise to a 4 A 2 ground state, which is a non-degenerate orbital angular moment state, i.e. the orbital moment is completely quenched by symmetry requirements. Further lowering of the symmetry does not change this picture. Without a zero field splitting and spin-orbit coupling, one expects that the relaxation process of this system should be quite slow and determined solely by the collective spin motion of the system, the so called bottleneck. This may explains the low value of ∆H ∞ and suggest that the fast broadening of ∆H(T ) for T ≤ 25 K is due to some change in the spin dynamics of the system. In order to be more quantitative, we consider the Anderson-Weiss molecular theory, 25 which allows one to evaluate a rough estimate of the microscopic parameters of the system. In this model, ∆H ∞ is given by:
where ν 2 an stands for the distribution of the second moment of the resonance due to any anisotropic interaction and ν ex denotes the exchange frequency between the Mn spins. The latter can be estimated from the value of θ CW , by using the Weiss molecular-field approximation, and the former was comprehensively studied by Huber et al., 8 in the context of manganites. Since the 4 A 2 ground state is an L = 0 state, crystal field effects should be negligible. Therefore, the bulk of ∆H ∞ is determined by dipolar broadening, which contributes with just few Gauss, and by the antisymmetric superexchange (DzialozhinskyMoriya, DM) interaction. The second moment due to the latter is approximately given by:
The obtained D DM is 0.72 K, which is comparable to estimates of this constant for other manganites using ESR and other methods.
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Then, it appears that ∆H ∞ is dominated by the value of the exchange constant J. In this scenario, the broadening of the resonance with lowering the temperature is due to the slowing down of the fluctuations. The long range order is prevented to occur due to the presence of magnetic frustration. The field dependence of the low-T behavior of the g-values [ Fig.  6 (a)] supports this idea that the resonance is coupled to the fluctuations, for at a higher field (Q-band H res ≈ 1.2 T), the fluctuations are quenched, leading to a more pronounced increase of the g-values.
In principle, the "kink" in the inset of Fig. 5 (a) at T ≈ 110 K point to a crossover of the spin dynamics of the Mn
4+
ions system. However, we refrain from taking any conclusion since we observed that this is a sampledependent effect that turned out to be more or less pronounced depending on the sample grounding time during the synthesis. Therefore, we conclude that any intrinsic (sample independent) change in spin dynamics of this system takes place at T ≈ 25K, as evidenced by the broadening of the resonance.
For Ba 0. exchange coupled system. The obtained effective moment from χ DC agrees with this expectation. Furthermore, an AFM long range order with T N = 5 K is suggested by χ DC . As for the ESR results, the existence of the secondary phase revealed in the XRD data do not give rise to an inhomogeneous contribution to ∆H. The comparison with a copper sulfate standard (CuSO 4 :5H 2 O) allows a rather crude estimate of the χ ESR in emu/mol, which in turn allows one to calculate the effective moment as determined by the ESR measurement. In doing that, we obtained µ ef f = 4.1(5)µ B , that agrees with the results for χ DC .
The onset of long range order is also suggested by the anomaly in ∆H [ Fig. 5(b) ]. The peaks observed by macroscopic and microscopic measurements differ in the temperatures at which they take place (T N = 25 K for ESR and T N = 5K for χ DC ). The result suggests an investigation of the magnetic properties of the secondary phase Ba 0.4 La 0.6 Ti 1/2 Mn 1/2 O 3
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, which reveals that this peak is due to the critical fluctuations present in this secondary phase. Therefore, for T ≤ 50 K, the ESR is dominated by the spin dynamics of the Ba 0.4 La 0.6 Ti 1/2 Mn 1/2 O 3 system, whereas for T ≥ 50 K, it reflects a Mn 3+ /Mn 4+ exchange coupled spins. The measured value of ∆H ∞ ≈ 2000 Oe is one order of magnitude larger than the value found for the nondoped system, pointing to the emergence of new contributions to the linewidth. In particular, one should consider the second moment given by crystal field effects and some increase in the value of the D DM constant interaction. Nonetheless, previous investigations have argued that D DM does not change significantly along a given series of doped manganites.
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According to Eq. 2, the evaluation of crystal field effects requires the knowledge of the second moment distribution due to crystal fields and an estimate for the exchange frequency. As before, the exchange frequency is estimated from the Weiss-molecular field approximation taking into account the existence of two spin species (S = 3/2 for Mn and Mn
4+
as induced by the La-substitution. Certainly, all these estimates must be reviewed by the application of more powerful techniques, such as neutron scattering.
It is interesting to observe the conspicuous increase of the X-band g-values in the case of the x = 0.1 sample, as shown in Fig. 6(b) . This increase is related with the onset of internal fields which shift the resonance when a phase transition is approached. This time, at relatively higher fields, the increase in g-values is lower. Here, the high field of the Q-band experiment suppresses the AFM transition to lower temperatures, delaying the shift of the resonance. Nonetheless, one should note that the increase of the Q-band g-values, although dwarfed by the huge increase observed in the low field (X-band) experiment, is still larger than the one of the X-band g-values of BaTi 1/2 Mn 1/2 O 3 .
V. SUMMARY
We presented a study of the magnetic properties of the BaTi 1/2 Mn 1/2 O 3 and Ba 0.9 La 0.1 Ti 1/2 Mn 1/2 O 3 compounds in the temperature interval 2K≤ T ≤ 350K using ESR and DC-susceptibility measurements.
For BaTi 1/2 Mn 1/2 O 3 , our results confirmed the existence of strong AFM interactions and, in particular, we have shown that the slowing down of the AFM fluctuations begin to dominate the evolution of the ESR parameters at T ≈ 25 K. A rather low value of ∆H ∞ = 227 Oe was obtained and related to exchange narrowing effects due to the AFM interactions at high-T . The value of the asymmetric superexchange interaction was estimated to be D DM = 0.72 K. It is strongly suggested that long range magnetic order is prevented to occur due to the presence of magnetic frustration.
For Ba 0.9 La 0.1 Ti 1/2 Mn 1/2 O 3 , a phase transition to an AFM state is suggested by the χ DC and ∆H measurements but at different temperatures (T N = 5K for χ DC and T N = 25K from the ESR). As given by our quantitative XRD refinement results, a secondary phase was identified for the x=0.1 sample which has been ascribed to the presence of the corner-shared octahedra trigonal structure Ba 0.4 La 0.6 Ti 1/2 Mn 1/2 O 3 (space group R3c). We pointed out that for T ≤ 50 K the ESR captures the spin dynamics of this secondary phase. For T ≥ 50 K, the measured value of ∆H ∞ ≈ 2000 Oe is compatible with what is expected from a resonance arising from a Mn
3+
-Mn 4+ exchange-coupled spin system. In this scenario, we evaluated a rough estimate for the crystal field parameter, obtaining D CF = 2.0 − 5.0K. For this compound, the refinement of the XRD data at room temperature, when compared to the XRD data from the nonsubstituted (x=0) sample, reveals no effective changes in bond length between B cations at the face-shared octahedra, nor the angles M (1)-O-M (2) in the trimers or M (2)-O-M (3) in the corner-shared dimers are changing. The appearance of an AFM anomaly around 5K in the substituted sample seems to be related with the magnetic exchange between Mn
4+
and Mn
3+
at the neighboring M (2) and M (3) sites, respectively.
